For more than 70 years, the promise of noninvasive neuromodulation using focused ultrasound has been growing while diagnostic ultrasound established itself as a foundation of clinical imaging. Significant technical challenges have been overcome to allow transcranial focused ultrasound to deliver spatially restricted energy into the nervous system at a wide range of intensities. High-intensity focused ultrasound produces reliable permanent lesions within the brain, and low-intensity focused ultrasound has been reported to both excite and inhibit neural activity reversibly. Despite intense interest in this promising new platform for noninvasive, highly focused neuromodulation, the underlying mechanism remains elusive, though recent studies provide further insight. Despite the barriers, the potential of focused ultrasound to deliver a range of permanent and reversible neuromodulation with seamless translation from bench to the bedside warrants unparalleled attention and scientific investment. Focused ultrasound boasts a number of key features such as multimodal compatibility, submillimeter steerable focusing, multifocal, high temporal resolution, coregistration, and the ability to monitor delivered therapy and temperatures in real time. Despite the technical complexity, the future of noninvasive focused ultrasound for neuromodulation as a neuroscience and clinical platform remains bright.
Introduction to Ultrasound
Sound is a mechanical wave of compression and rarefaction of molecules in a medium capable of propagating a wave, such as air, water, or tissue. Humans normally hear sounds in the frequency range between 100 cycles per second (Hz) and 20,000 Hz. Frequencies of sound above the range detectable by the human ear are termed Bultrasound,^generally considered those frequencies exceeding 20 kHz. Ultrasound typically uses frequencies in the hundreds of thousands or millions of hertz, but sound can be sustained in some solid materials into the billions of hertz. To generate mechanical oscillations at these frequencies, ultrasound transducers are composed of piezoelectric crystals, which were originally discovered when mechanical pressure applied to the crystals generated electricity. The conversion of mechanical waves into electrical waves, named the piezoelectric effect, was discovered by the Curie brothers in the 19th century, and the suggestion of the inverse piezoelectric effect by Gabriel Lippmann made the field of ultrasound possible [1] . Precise application of an electric current to piezoelectric crystals transduces the energy into precise mechanical movements, generating sound waves.
Acoustic waves at ultrasonic frequencies travel through media in a variety of ways, classified according to the direction that molecules in the media move relative to the direction of propagation of the wave. Longitudinal waves travel along the direction of compression and rarefaction, which is the basis for how sound moves through the air. Longitudinal waves are possible in most materials at any phase. Shear waves travel perpendicularly to the movement of the particles within the medium, much like a string that is rapidly moved back and forth. Each part of the string travels side to side while the wave travels along the string. Shear waves, or transverse waves, are sustained primarily within solid materials where the molecular bonds allow forces at right angles but are not seen in simple liquids and gasses.
Ultrasound waves interact variably with the materials they are propagating through, depending on their intrinsic composition. The molecular bonds and structure of materials or tissues determine their resistance to the flow of mechanical waves, termed acoustic impedance. As a result, each material supports a different speed of sound, traveling at approximately 1500 m/s in soft biological tissues, 3500 m/s in bone, and around 330 m/s in air [1] . Mathematically, the acoustic impedance is the product of the speed of sound in the material and the density of the material [2] . As ultrasound passes through the material, the amplitude (or peak pressure) and energy attenuate. Attenuation results from several physical processes that remove energy from ultrasound waves as they propagate through a medium, including scattering, absorption, and mode-conversion. Scattering is caused by inhomogeneities within the medium. Mechanical energy is absorbed by the material through friction to generate heat. Additionally, in some materials and tissues, longitudinal waves are converted into shear waves, or shear waves are converted into longitudinal waves; this process, termed mode-conversion, is particularly salient at the interface of bone and soft tissues, where a significant difference in impedance exists [3] .
Because ultrasound propagates as waves, phenomena such as refraction, reflection, interference, and diffraction are produced. As ultrasound encounters changes in materials with different impedances, waves can reflect or refract. The most basic version of diagnostic ultrasound imaging results from delivering short pulses of ultrasound into the body interleaved with periods to capture reflections of the pulses from interfaces between tissues of different impedances. Pulses that are reflected are referred to as echoes, and when echoes are reflected from smooth interfaces between objects of different impedance, the intensity of the echo is proportional to their difference in impedance [2] . The distance traveled can be reconstructed from the time delay of returning echoes of coplanar pulses to reconstruct an image. If the intensity of the echo from the objects in space is displayed as brightness, it is known as a brightness-mode display (B-mode) [2] .
Ultrasonic waves also refract when encountering interfaces of media with different impedances and in which the speed of sound is different. This is much like when light refracts across an interface between air and water. Refraction can produce illusions, such as when a straight object passing from air into water appears to bend at the interface. Refraction can produce challenges for medical imaging where some structures appear to be duplicated [2] . Diffraction from inhomogeneities in the tissue scatters ultrasound waves, which can blur reconstructed ultrasound images.
Ultrasound waves can also interfere constructively and destructively with each other. This characteristic fueled the development of diagnostic and therapeutic uses of ultrasound based on control over the interference of ultrasound waves. Arrays of ultrasound transducers spread physically apart can utilize constructive and destructive interference to concentrate energy at a single point [4] . Imaging or therapy using these beams of focused ultrasound is aptly named Bfocused ultrasound^(FUS). The shape of the focus can be adjusted through small changes in the phase of each of the transducers in the array, called a Bphased array.^Calculating the phases to generate a desired focus requires an accurate model of the acoustic impedance and the speed of sound in the material and paths that the ultrasound travels. If these paths to the focus include different materials with different speeds of sound, as well as different degrees of attenuation, the waves may produce a wider or more diffuse focus than anticipated. Even if an accurate model is estimated, properties of the material vary with temperature and frequency of the ultrasound wave due to the various forces that shape the dynamic motion of the underlying molecular structure and energy [5] . In certain cases, by interleaving ultrasound imaging with therapeutic ultrasound, termed dual-mode ultrasound, the ultrasound focus can be adjusted in real time to improve the size of the focus [6] .
The spatial configuration or geometry of the ultrasound transducers used to form the ultrasound probe can be modified to suit the application. For example, wide, convex arrays allow diverging ultrasound beams to probe larger volumes of tissues and are used in obstetrics to image fetal anatomy, transabdominally [7] . Ultrasound used through burr holes for neurosurgery incorporate closely spaced and unidirectional transducers to image along a straight path through a small window in the skull [8] . Phased arrays became popular for imaging in cardiology because it conferred an improved spatial resolution, which has been particularly useful in capturing images of the actively contracting heart [9] . The advancement of ultrasound technology for the purposes of improving diagnostic imaging of the heart, while in motion, shielded by the chest wall, and carrying blood, provided the necessary foundation for FUS neuromodulation.
In addition to the geometry of the ultrasound array, several other parameters of ultrasound waves can be modulated. As with other sound and electromagnetic waves, the frequency and pressure (amplitude) of ultrasound can be specified or modulated for various applications. The primary frequency, usually the highest, generated is referred to as the carrier frequency, and this can be modulated for various applications. Carrier frequencies for diagnostic ultrasound range from approximately 0.2 to 15 MHz. Typically, ultrasound is delivered as short pulses of this carrier frequency to avoid significant thermal energy from being delivered, a method referred to as pulsed ultrasound. The frequency of pulses is the pulse repetition frequency (PRF). Additionally, exposure time refers to the period over which ultrasound pulses are delivered. At high intensities, typical exposure times may be a fraction of a second while at lower intensities, exposure times can exceed minutes. Many modern ultrasound platforms also allow multiple carrier frequencies to be simultaneously transmitted to help shape energy delivery by providing further flexibility for steering through certain materials such as bone [10] .
Biophysical Effects of Ultrasound
Forty years after the discovery of piezoelectric crystals, Langevin discovered that a fish could perish when swimming through a beam of high-intensity ultrasound, launching a quest to understand the biophysical effects of ultrasound [1] . Over the past 100 years, ultrasound has gone through many phases of discovery, application, quiescence, and resurgence in the medical field [1] . Despite periods of enthusiastic clinical use and periods of controversy, ultrasound has been established as a foundational platform for medical imaging. To ensure safety while being used for imaging, a significant amount of investigation has focused on understanding the biophysical effects of ultrasound [1, 11] . The effects of ultrasound on tissue result from the complex biophysical effects of ultrasound with heterogeneous anatomy and physiology still under investigation after many decades of investigation [1] . How ultrasound affects neural tissue is of interest for neuromodulation, but a conclusive biophysical mechanism has not emerged [12] . Biophysical effects of ultrasound in the nervous system have been largely categorized into thermal and nonthermal effects [13] [14] [15] . While this categorization is useful for discussion, the effects of ultrasound may simply not be separable in this way. This false dichotomy has confused research on the topic since heat is often generated simultaneously with mechanical effects and vice versa [16] .
The generation of thermal energy by ultrasound has been extensively investigated both in vitro and in vivo, and improvements in the mechanistic understanding have been made through computational modeling [17] [18] [19] [20] [21] . The temperature induced in tissues by focused ultrasound is dependent on the intensity and the frequency-dependent absorption of the underlying tissue [1, 22] . Ultrasound offers an inherent tradeoff between penetration depth, resolution, and frequency; higher frequencies have reduced penetration depth but increased spatial resolution [23, 24] . Tissue response to the thermal energy produced by ultrasound is well characterized with models of impedance and heat transfer, up to temperatures or acoustic intensities that mediate irreversible effects on the proteins in the tissue [18] . Homeostatic cooling, passive perfusion, and diffusion impact tissue heating when introducing thermal energy via ultrasound into perfused tissue [17] . Diffusion can be well modeled with Fick's law, and perfusion has been modeled historically using Pennes' bioheat equation [25] . The heat-generating properties of ultrasound have been applied in the treatment of tissue following musculoskeletal injury, though the therapeutic benefits of this remain controversial [16] .
At higher intensities, ultrasound can generate temperatures sufficiently high to denature proteins and coagulate tissues. High-intensity ultrasound has been exploited for clinical applications to ablate kidney stones, fibroids, cancer, or cranial tumors and even to create irreversible functional brain lesions for movement disorders [18, [26] [27] [28] . At low intensities, tissue temperature changes are minimal and within the normal physiologic range [29] [30] [31] [32] . Numerous studies have reported the absence of any pathological changes from low-intensity focused ultrasound (LIFU), but the effects of small temperature changes in spatially restricted volumes of the nervous system have not been rigorously explored [32] . Even small changes in temperature may have appreciable effects on neural function [27] . The precise definition of pathological temperature rise has not been well characterized and varies by tissue, but guidelines have been published to provide conservative and safe estimates of 1.5 to 2°C or an absolute temperature of 41°C [33, 34] . As a result, consistent temperature elevations beyond these safety limits will require application-specific safety studies. It is well established that a rise in temperature increases the rate of enzymatic activity up to the point of denaturation, which begins to occur around 42°C [35] . Between 43 and 60°C, the denaturing of proteins occurs in a logarithmic fashion relative to exposure time [1] . Generally, tissue is damaged at exponentially higher rates as temperature increases in this range and is typically damaged immediately at temperatures above 60°C. As proteins and cell membranes undergo coagulation at these high temperatures, the acoustic impedance of the tissue also changes in a nonlinear fashion. Direct thermal effects of high-intensity ultrasound lead to changes in tissue that may mediate large and sudden nonthermal effects, which may play a synergistic role in further temperature changes [36] .
The nonthermal effects of ultrasound include mechanical pressure, radiation force, and cavitation, as well as organspecific effects such as blood-brain barrier disruption and effects on cell membranes in the nervous system [1, 32, 37] . Nonthermal effects of ultrasound and FUS are less well understood [32] . At high intensities, ultrasound can produce cavitation, where microbubbles grow and collapse with compression and rarefaction. Within biological tissues, cavitation is achieved above a certain threshold, which is dependent on frequency, temperature, and pressure. Cavitation requires nucleation sites where microbubbles can grow, oscillate (stable cavitation), and even sometimes violently collapse (inertial cavitation) [38] . Pre-existing or dissolved gases that are liberated thermally, such as during HIFU, are considered to be the main source of de novo microbubble nucleation sites [38, 39] . Lower intensities of HIFU have also been shown to produce cavitation in vivo, though theoretical calculations for spontaneous cavitation suggest this effect is unlikely during typical exposures of diagnostic ultrasound in most tissues [40, 41] . Stable cavitation, when microbubbles oscillate but are not driven to collapse, has been theorized to potentially play a role in affecting cell membrane potentials [14] . Other biophysical effects are seen at intensities sufficient for cavitation and include microstreaming, where acoustic energy drives the movement of liquids in bulk or as more powerful eddy currents [16] .
Of special relevance to FUS neuromodulation, the bloodbrain barrier (BBB) is the highly selective interface between the circulatory system and the nervous system where junctions between endothelial cells, astrocytic feet, and pericytes prevent potentially toxic large or hydrophilic molecules from passing into the tightly regulated environment of the central nervous system [42] . Since early reports of the effects of FUS on the brain, it has been known that high-intensity focused ultrasound causes a disruption of the BBB outside of the location of a permanent lesion [43, 44] . Further efforts have demonstrated that FUS can indeed transiently open the BBB to allow delivery of drugs otherwise prevented from reaching the nervous system [45] [46] [47] . Through the use of microbubble contrast agents, FUS has been shown to reliably open the BBB at significantly reduced power by using microbubbles for cavitation [46, 47] . The potential of FUS-mediated BBB disruption to mediate numerous types of neuromodulation through the delivery of drugs or genes to a precise focus is vast and provides synergy to traditional and novel biological approaches [48] [49] [50] [51] .
As a wave, ultrasound can produce a radiation force capable of exerting force on objects or materials [1] . Radiation forces from FUS have been used to assess the composition of unknown materials inside closed containers, providing a method of remote characterization [52] . The effect of acoustic radiation in biological tissues at or near diagnostic imaging thresholds is proportional to the spatial-temporal average of the intensity. Little evidence exists supporting the role of radiation force in vivo, but some authors have postulated that it could play a role in modulating the activity of peripheral nerves [1, 37] . In contrast, the diagnostic potential of acoustic radiation force has persisted through vibroelastography as well as Bacoustical tweezers^for micromanipulation in the laboratory [15] . Ultrasound may also have the potential to directly affect channels and proteins particularly sensitive to mechanical forces, including some types of sodium and potassium channels [53] [54] [55] .
High-intensity ultrasound is capable of physically pulling apart tissues. Similarly to thermal energy, safety guidelines have been published, though uncertainty remains about precisely defining the safe, mechanical limits before pathological tissue destruction [33, 34] . Estimates of the maximum pressure (mechanical index: MI) and thermal energy (thermal index: TI) exposed to a human constitute the primary safety parameters currently in diagnostic ultrasound, which many use as a guide for LIFU [56] .
Effects of Ultrasound on the Nervous System
Designing experiments to characterize the complex biophysical effects of ultrasound at high or low intensities (HIFU/LIFU) on the function of the nervous system poses a particularly difficult challenge [12] . Electrophysiology in vivo during sonication remains challenging due to vibrations of recording electrodes and mechano-electrical coupling that can occur in the tissue [12] . Additionally, flexible and precise ultrasound systems have not been adapted for use in animal models, and those that have been developed require extensive engineering support. Lastly, like electromagnetic waves, the parameter space for ultrasound waves is vast, even when ignoring complex waveforms. Ultrasound transducers produce pulsed or continuous sinusoidal waves, which can produce inherently nonlinear effects in tissues [18, 57, 58] . Novel experimental paradigms must be developed and employed to characterize the effects of ultrasound over this parameter space [59] .
There are many challenges to characterize the effects of ultrasound on the nervous system, including nonstationarity, limitations of translation across animal species, and, most obviously, the barrier of the skull. In contrast to the soft and relatively homogenous structure of the brain, the skull has a high acoustic impedance, reflecting a substantial portion of incident ultrasound waves, heating the overlying scalp, and distorting ultrasound through refraction [4] . The concave shape of the skull can naturally lens the remaining acoustic energy. However, the large gradients in acoustic impedance at the interfaces of the skull impede focusing ultrasound directly underneath the skull [21] . Despite these challenges, more recent technical advances in modeling and dual-mode ultrasound have made transcranial ultrasound feasible to control and deliver [6, 21] . In particular, ultrasound transducers can be arranged in one-, two-, or three-dimensional arrays, spaced regularly or randomly, in order to spread the acoustic energy across the skull while precisely timing delivery from each transducer to generate a constructive focus within the brain [60] . Major advancements in computational power have made this process feasible in the past 30 years, and it is now possible to deliver energy by adaptively orchestrating dozens or hundreds of transducers [61] . In particular, dual-mode ultrasound has enabled adaptive closed-loop approaches for correcting distortion from the skull through real-time iterative improvements in the appropriate weighting and timing of each transducer for certain applications [62, 63] . In this way, the individual anatomy of a single patient or animal can be evaluated and accounted for as therapy is delivered in succession, precisely verifying the prescribed dose at the location within predetermined safety margins that may include specific tolerances at sensitive points in the ultrasound field [4] . Lastly, major advancements in three-dimensional stereotaxis have made multimodal investigations using magnetic resonance imaging and ultrasound possible through coregistration [64] . Coregistered stereotaxis allows the precise delivery of acoustic energy to loci with higher contrast or highly resolved features from other modalities, such as magnetic resonance imaging (MRI) or computed tomography (CT).
High-Intensity Ultrasound
Ultrasound delivered at intensities sufficient to damage tissue is termed high-intensity ultrasound, but the particular intensity required to achieve damage varies significantly and is dependent on properties of the tissue and parameters of the acoustical wave [65] . This boundary between high-and low-intensity ultrasound can span significant ultrasound intensities and further work is necessary to apply more sensitive markers of pathology to improve a parameterized understanding of safety and effect margins [33, 34] . Generally, intensities exceeding hundreds of watts per square centimeter applied for a sufficient number of seconds will produce damage, through mechanical destruction, thermal heating, or both [1] . One of the earliest experimental targets of HIFU was the brain, and, even in 1942, well-circumscribed pathological lesions were achieved [66] . As with other methods of introducing thermal energy into the brain, including laser interstitial thermal therapy (LITT), ultrasound delivered at moderate intensities, where tissue temperature is increased to 43-60°C, produces time-dependent damage to exposed tissue. At higher intensities, tissue is immediately damaged and may demonstrate rapid changes in ultrasonic properties, necessitating real-time adjustments to minimize collateral damage [67] . At high intensities, cavitation may play a significant role in tissue destruction and is often used as a therapeutic endpoint, though this may be an insensitive marker [67, 68] . Cavitation produces inhomogeneities that can substantially affect the ultrasound field. While cavitation can facilitate rapid cell death upon bubble collapse (inertial cavitation), its unpredictable nature necessitates monitoring and/or real-time modeling to be safely controlled [68] .
Despite a long history of experimentation with HIFU for lesion formation in the brain, more than 70 years passed before the FDA approved its use for its first indication in the brain. Much of clinically translated HIFU owes acceptance to advances in noninvasive thermometry. Most notably, MR thermometry in combination with advanced modeling allows delivery of prescribed lesion sizes while monitoring safety parameters in real time to facilitate necessary adjustments, termed magnetic resonance-guided focused ultrasound (MRgFUS) [67] . By allowing clinicians the opportunity to monitor the delivery of lesions and specify clinically relevant endpoints and safety margins across anatomical structures, noninvasive delivery of ultrasound has found wider acceptance and interest. Similarly, efforts have been made to employ the use of dual-mode ultrasound to perform noninvasive thermometry and thermography, which carries substantially less cost [20, 69, 70] . Noninvasive temperature imaging, whether based on MR or US, requires basic assumptions about the baseline temperature and employs computational models of relative temperature changes through periodic sampling. By modeling tissue damage through the Arrhenius equation or, similarly, the CEM 43, thermometry allows precise lesioning of the nervous system [71] .
Low-Intensity Ultrasound
Ultrasound delivered at low intensities has been reported to have a wide range of effects on the nervous system. In vitro studies have demonstrated increased and decreased neuronal firing rate and conduction speeds when FUS is applied [29, 53, 72, 73] . In vivo studies have reported ultrasound-evoked responses in animals and humans, though limited, by targeting most of the primary surfaces of the cortex (M1, S1, V1) as well as the hippocampus, thalamus, brainstem, and retina [12, 30, 53, 74, 75] . Suppression of neural activity by FUS has been described in animals and in humans, most notably on visual and somatosensory evoked potentials, EEG, and seizures [32, [76] [77] [78] [79] [80] [81] . Furthermore, others have described variable effects on the peripheral nervous system [12] . Reversible physiologic behavior and lack of pathological changes on histology form the underlying basis for the claim that lowintensity ultrasound provides a safe platform for neuromodulation [32, 37, 65, 82] .
Much uncertainty remains about the underlying mechanisms of LIFU neuromodulation [32] . Numerous thermal and nonthermal mechanisms have been proposed. At low intensities, ultrasound creates small changes in temperature that are likely below the capacity of heat transfer from passive perfusion [83] . Consequentially, most studies have attempted to specifically discount the role of thermal effects in both ultrasound-evoked and ultrasound-mediated suppression [12, 30, [84] [85] [86] . Few studies have explored the cellular effects of focused thermal energy due to LIFU, but it is plausible that even small changes in temperature modulate excitability given the temperature dependence of membrane potentials of neurons [87] . Additionally, changes in temperature are known to affect ion channel conductance, enzymatic activity, and equilibrium potentials, resulting in complex dynamical changes of neuron firing rates [88] [89] [90] .
Most authors champion nonthermal mechanical mechanisms of LIFU for neuromodulation. As a mechanical wave, it has been theorized and reported that mechanosensitive ion channels may mediate changes in neuron firing [91, 92] . Some reports have demonstrated changes in voltage-gated calcium, sodium, and potassium channels following LIFU exposures [53] [54] [55] . Mechanical wave cavitation has also been proposed to modulate membrane potentials through stable cavitation within the lipid bilayers of neurons [14, 93] . Acoustic radiation pressure has been implicated as a mechanism for modulating neural activity with efforts to model the potential dynamics where the effect of the cumulative radiation force suppresses function [31] . Others have comprehensively summarized the increasingly numerous and heterogeneous reports attempting to provide convincing rationale and evidence for an underlying mechanism [12] . While multiple mechanisms almost certainly play a role during LIFU in vivo, the relative contributions and measurable independence of the various mechanisms remains unclear.
Recently, 2 coordinated publications describe the existence of an auditory startle effect, which may account for at least part of the excitatory effects of ultrasound previously reported [94, 95] . In short, it was found that ultrasound beams generated from single-element transducers with large rostrocaudal extent interacted with the skull base of the animal models during ultrasonication, produced indirect neuromodulation through strong auditory pathway activation [94, 95] . This finding matches well with previous reports identifying that the effect of LIFU is maximized with reduced anesthesia [30, 96, 97] . By introducing powerful mechanical waves into the inner ear, a structure evolved to amplify small mechanical waves, it is concluded that ultrasound delivered in this manner cannot be considered to be mediated by targeted neuromodulation but rather through a startle response. However, the acoustic-startle response does not account for the range of observed neuromodulatory effects of ultrasound, such as those reports in which phased arrays were used (restricted rostrocaudal focus) or in animal models where divergence prevented significant interaction with the skull base [29, 53, 74, 80, [98] [99] [100] . Additionally, it is unclear how the consistently reported finding of suppression of evoked potentials can be accounted for by the acoustic-startle mechanism.
The precise effects of LIFU and the underlying mechanisms continue to remain elusive despite more than 60 years since reversible neuromodulation was initially reported [81] . It is possible that LIFU's primary effect is to suppress neuronal activity, and that excitation by FUS reported previously is entirely due to the acoustic startle responses, though there remains to be a convergence of evidence within the field. In many ways, reliable, spatially restricted suppression could provide an excellent platform for probing or treating the brain and peripheral nervous system. Suppression of active neural circuits implies that FUS could be used to suppress, or functionally disconnect, interconnected regions of the brain and peripheral nervous system, allowing plastic effects to emerge with repeated treatments or longer exposures, especially when paired with behavioral paradigms.
Clinical Utility of FUS for Neuromodulation
FUS continues to emerge as a versatile platform for neuromodulation. In general, FUS offers many attractive advantages: (1) low cost, (2) noninvasive, (3) steerable, (4) inherent imaging capabilities, (5) compatible and possibly synergistic with other imaging systems, (6) readily adapted for closed-loop therapies, (7) ability to modulate neuronal activity or produce lesions, (8) potential to be used as a platform for targeted drug and gene therapies, and (9) potential for rapid translation to clinical applications as a unified system. Table 1 describes some of the key technologies available for future clinical application. At high intensities, FUS can produce reliable and permanent lesions with results similar to RF ablation. At low intensities, FUS appears to excite or suppress neural circuits in a reversible and noninvasive fashion. While far from being fully characterized, temporarily modulating neural activity at high resolution and low cost would open the door to previously intangible access to the nervous system across a more generalizable and readily available population of human subjects while providing a robust platform for clinical translation for many functional diseases of the human nervous system.
Other platforms for neuromodulation have emerged including transcranial magnetic stimulation (TMS) and transcranial current stimulation (TCS) (see Table 2 for comparison) [59] . While TMS can produce effects localized to around 1-2 cm at the cortical surface, FUS can achieve submillimeter resolution, limited only by technological advancement. Even higher resolutions may be achieved t hrough harmonic approaches [101] . Transcranial current stimulation also suffers from poor anatomical resolution due to the physical behavior of current and barrier of the skull [102] . The temporal resolution of FUS is similar to or better than these other modalities. Beyond the resolution of an individual focus, there remain only technical restrictions to generate patterned stimuli. Phased arrays can target multiple independent foci, providing a platform for investigation of distributed networks. FUS has already proven itself compatible with other modalities including MRI and EEG and poses significantly fewer challenges than TMS for designing multi-platform experiments or treatments [82] . Dual-mode ultrasound provides an inherent method of real-time imaging for closed-loop monitoring to adjust for patient-specific anatomy and to ensure stable delivery of therapy.
As a result of the plethora of potential advantages of FUS for neuromodulation, reports consistently tout the broad range of possible clinical targets that may be accessible to current and future FUS platforms [21, 32, 37, 59, 65] . These include neurological conditions that are amenable to lesioning, such as brain tumors or movement disorders, as well as those that may require more subtle or network-wide modulation, such as psychiatric disorders. Furthermore, combinations of these effects can be applied as needed; for example, patients with epilepsy may benefit from a combination of HIFU-mediated lesioning at an epileptogenic focus in addition to LIFU-mediated suppression of other nodes within the network that play a role in the propagation or generation of epileptic activity but have potential adverse side effects when irreversibly lesioned.
Applications of HIFU
Modern opinions about permanent lesioning for the purpose of changing the function of the nervous system are beginning to recognize benefits such as low-cost and similar efficacy, citing reports from a previous era of functional neurosurgery for movement disorders, pain, and psychiatric disease [103] . If permanent lesions can be safely administered noninvasively, evidence for efficacy may provide a further resurgence of interest in HIFU neuromodulation.
While lesioning is not always considered as a modern form of neuromodulation, some evidence exists that lesioning produces effects equivalent to certain reversible forms of neuromodulation [103] . In particular, unilateral pallidotomy for Parkinson's disease is reported to be equivalent to deep brain stimulation (DBS) while unilateral temporal lobectomy for intractable mesial temporal lobe epilepsy remains the gold standard despite the emergence of the responsive neurostimulation [103, 104] . From a network perspective, lesioning may remove pathologically noisy tissues or sources of pathological activity to improve or restore function. With recent approval and associated technical advancements, HIFU may continue to build momentum for ultrasound as a cornerstone of more widespread neuromodulation as an attractive noninvasive platform. Phased Array A set of ultrasound transducers usually in a geometric shape to make use of constructive interference to focus ultrasound at a point. Small adjustments are made to the phase of each element of the array to adjust for inhomogeneities in materials.
Dual-Mode
Dual-mode ultrasound platforms deliver ultrasound at intensities to sufficient to provide therapy and are equipped to interleave periods of time to also receive reflected ultrasound. Information received can be used to adjust therapy through monitoring of salient features such as bubble formation or surrogates of temperature change.
MRgFUS
Magnetic resonance guided focused ultrasound uses MR thermometry to measure temperature changes induced by ultrasound. While traditionally used as a method of modeling cell death during the application of HIFU for lesion creation, small temperature changes of a few degrees could be used to target sites for delivery of LIFU.
Multifocal FUS FUS delivered through phased arrays can steer a focus through the adjustment of the timing of individual elements of the array within a predefined range based on the number of elements and geometry of the array. Multiple foci can be created simultaneously with only technical limits on the number of simultaneous reversible or permanent lesions that can be created. Foci can be patterned to dynamically emerge and decay to investigate network hypotheses.
Closed-Loop FUS
While dual-mode ultrasound may use reflected ultrasound waves to adjust the timing of array elements to improve the size of an ultrasound focus in a closed loop, physiological data from EEG/fMRI/ECoG could also be incorporated to adjust the intensity or location of and ultrasound focus. These simultaneous methods of closed-loop operation can simultaneously operate to target specific loci for various disease states. In many respects, HIFU is optimally suited for treating movement disorders given the known targets in the thalamus and basal ganglia and experience with RF ablation [32] . FUS is delivered most efficiently to deep targets where the skull helps to focus incident acoustic beams. Technical improvements allow millimeter resolution of targets and safe delivery platforms guided by MR thermometry [105] . The FDA has approved MRgFUS for the treatment of patients with essential tremor and is pending approval for Parkinson's disease [106] .
While temporal lobectomies remain the gold standard for surgically treating refractory epilepsy, minimally invasive methods of tissue destruction have become increasingly popular through the use of laser interstitial thermal therapy (LITT), in which a fiberoptic catheter is stereotactically placed in the mesial temporal lobe while therapy is monitored using MR thermometry [107] . Patients certainly prefer less invasive approaches, but it is not clear whether LITT is as effective as temporal lobectomy. The application of HIFU for noninvasive temporal lobectomy would be an obvious direction once phased arrays are designed specifically for corridors to the temporal lobe. Because HIFU is noninvasive, stepwise lesion formation could supplant both LITT and temporal lobectomy to provide the appropriate tradeoff between lesion size and adverse effects [108] . The flexibility of progressive noninvasive treatments may allow a super-selective destruction of the mesial temporal lobe, or hippocampus, avoiding significant edema and minimizing total tissue destruction. If the technical challenges of noninvasive HIFU for the temporal lobe are overcome, then noninvasive biomarkers of epilepsy, such as EEG, may become more important as a surrogate for disease states to avoid invasive recordings for seizure localization.
Lesioning for chronic pain syndromes has been extensively pursued with success for specific syndromes including trigeminal neuralgia, as well as injury to the brachial plexus, spinal cord, or peripheral nerves [109, 110] . Lesioning has become increasingly unpopular and the decreased use of surgical treatments for pain has been a byproduct, without emerging alternative therapies [103] . Not only would HIFU increase accessibility to lesioning for pain, but novel discoveries from LIFU mapping could facilitate personalized approaches towards comprehensive pain treatment. Already, studies are emerging to tackle some pain syndromes with ultrasound [111] . Despite the challenge of delivering FUS through the complex bony anatomy of the spine, work has begun to establish the approach [112] .
Applications for LIFU
Low-intensity FUS is less developed and understood than lesioning with HIFU, but it has the potential to supplant many current therapies and lead clinical translation for a much wider range of disorders of the nervous system due to its reversibility and safety [12] . As a noninvasive and reversible method of neuromodulation with submillimeter resolution across the brain, anatomical approaches towards investigating the basis of neural function could become widely accessible across neuroscience and cognitive research. LIFU can be coregistered with anatomy through dual-mode systems or with stereotactic systems. Additionally, LIFU has already been demonstrated to be compatible with MR and EEG systems and can be used to complement these technologies, allowing focal stimulation and fast temporal acquisition. Future systems will allow multifocal therapy, facilitating novel approaches towards investigating network models of human disease. Effects of LIFU on the autonomic and peripheral nervous systems allow a holistic platform for discovery of the underlying basis for diseases of the nervous system and translation into clinical treatments.
The research paradigm that LIFU may provide is complemented by its ease of translation into clinical and personalizable treatments. As a safe research platform, LIFU may also establish itself as a relatively safe clinical platform that will evolve into portable versions as implantable and wearable ultrasound arrays [113, 114] . While initially LIFU may be offered in a fashion similar to TMS with numerous, relatively low-cost devices available at clinical centers, ultrasound does not suffer from the limitations of the necessary hardware to generate a high magnetic field, and clever technical innovations may facilitate lower energy requirements [12] .
Importantly, as an indirect but potentially powerful method of neuromodulation, the role of FUS in BBB opening and the ability to deliver focal drugs or genes may even supplant the direct neuromodulatory effects of FUS. The BBB is a common obstacle in the development of neuroactive pharmacological compounds, and ultrasound has the potential to change the types or dosages of medications needed to produce clinically beneficial effects while minimizing side effects by allowing for temporary or intermittent disruption of the BBB.
While a few early studies have reported meaningful progress towards the use of ultrasound for disease models of pain and epilepsy, the application of ultrasonic neuromodulation to treat other diseases of the nervous system, including movement disorders, psychiatric disorders, and even disorders indirectly regulated by neural mechanisms, such as obesity or hypertension, remains hopeful but speculative [77, 111] .
The pursuit of LIFU as a robust platform for neuromodulation will require key technical improvements in combination with further mechanistic clarity. Phased arrays of ultrasound transducers provide a significant advantage over single-element transducers through resolution and energy density at the scalp. One-and two-dimensional arrays are currently in use and consist of regularly spaced transducers over the surface of an arch or hemisphere [115] . These rigid arrays are not specific to the shape of the skull or maximally dense [115] . Significant improvements could be achieved through platforms capable of incorporating dense and quasirandom arrays, customizable to complex anatomy where specific anatomical variations can be utilized maximally [115] . Major advances have already been reported in array technology [60, 116] . Technological advances to make transducers smaller, more efficient, and more precise would add to the feasibility of clinical LIFU.
The use of large numbers of transducers at high density offers more flexibility than single probes, but it also adds additional computational complexity, especially when used in a closed loop for adaptive focusing. Platforms and efficiently parallelizable algorithms capable of supporting thousands of independently controlled transducers will be needed in order to implement high-density FUS arrays, which has been reported [117] . Modeling may also become increasingly important as nonlinear ultrasound effects are exploited or suppressed for various applications. Especially with the current trend towards super-resolution ultrasound beams that are capable of detecting features as small as a micron, modeling will be necessary to efficiently reconstruct data and improve the signal to noise ratio [118, 119] .
Conclusions
In so many ways, FUS neuromodulation is remarkable. By sculpting high-frequency sound, it is now possible to precisely destroy or dynamically and reversibly modulate the activity of 1 or many millimeter voxel(s) deep within the brain without ever touching the skull or making an incision. Ethical surgeons dream of treating or curing a patient while removing the risk and suffering of neurosurgery. While the precise mechanism of LIFU neuromodulation remains elusive, as the evidence for safety and neuromodulation build, the clinical utility of FUS neuromodulation will be revealed by physicians across the disciplines of neurosurgery, psychiatry, neurology, and anesthesia as clinically accessible platforms become available. Careful studies with real-time monitoring of thermal and mechanical doses can progressively establish the safety of LIFU in humans to encourage disease-specific application while pioneers of LIFU neuromodulation can continue to tease apart the interdependent mechanisms. Complimentary potential exists for the use of FUS neuromodulation across the range of basic and cognitive neurosciences for discovery and translation.
Readily accessible clinical targets for FUS neuromodulation include diseases with better known anatomical targets such as movement disorders, epilepsy, and pain, and FUS neuromodulation is poised to more comprehensively investigate and advance the treatment of psychiatric diseases. Phased arrays, dual-mode operation, and stereotaxis through coregistration are emerging as a nexus of technologies promising safety and flexibility for network-informed investigations and treatments of these more distributed diseases. The ease of
